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ABSTRACT

An analysis of winds, wind waves, and swell over the sea to the east of Japan during the historical typhoon of

September 26, 1935, is given.

Occurrence of the storm and its movement across a main squadron of the Imperial

Japanese Fleet which was then conducting grand maneuvers provided what may be the best coverage on record
of surface winds, wind waves, and swell within 200 nautical miles of a typhoon center in its mature stage, and fur-
nished an unequaled set of data for studying the relation between the meteorological and oceanographical elements

over the ocean during a period of hurricane winds.

INTRODUCTION

For a number of years, the Hydrographic Department,
Imperial Japanese Navy, kept secret the meteorological
observations [1, 2, 3] on winds, wind waves, and swell
over the sea to the east of Japan during the historical
typhoon of September 26, 1935. The Hydrographic
Department prepared a report in 1937 [1] that contained
fairly good descriptions, tabulations, and a set of succes-
sive maps illustrating the pressure patterns, the field of
wind speed (isovels) and lines of constant wave heights
through the period 0600 to 1800 JMT of the 26th.
The current report is intended to present pertinent
extracts from this report and further intermediate studies,
with the hope that they may be of assistance in es-
tablishing & firmer understanding of the dynamics of
a typhoon in its mature stage.

MOVEMENT OF TYPHOON ACROSS THE FLEET

On September 16, 1935, the Central Meteorological
Observatory, Tokyo, discovered evidence of a tropical
disturbance in the formative stage in the sea northwest
of the island of Saipan. It soon increased to typhoon
force and moved slowly on a variable northerly course.
The course turned more to north-northeast as the typhoon
moved through western Japan on the 25th. After leaving
the West Japan area, the center continued a north-
northeasterly course, crossed over the Sea of Japan, and
dissipated as it moved to sea to the west of Hokkaido.

249914~-53—1

Long before the first typhoon dissipated, the next
tropical disturbance developed in the sea east-northeast
of Saipan on September 20. This new typhoon moved
on a northwesterly course, and thence curved northward,
its intensity increasing to typhoon force. At 0300 JMT,
September 26, the S. S. Ogura-maru reported hurricane
winds 29 to 35 m. sec.” (56 to 68 knots) from the south-
east, and falling pressure of 732.5 mm. of Hg. (977 mb.)
near the center. The typhoon finally moved on a north-
northeasterly course at the speed of about 70 to 80 km.
hr.~! (38 to 43 knots) and passed over ses to the east of
Japan in its mature stage. Thus it completed its full
cycle of development in the open sea and never passed
over Japan proper. Table 1 shows the central pressure,
the track, and the velocity of movement of this second
typhoon.

TaABLE 1.—Central pressure, irack, and velocity of the typhoon cenler,
Sept. 21-27, 1935. (From the Geophysical Review for September

1935 {3])
ocus of center| Movement of center
Centra] | f ter| M t of cent
pressure
Date and hour (135th meridian (esti- Speed
civil time) mated) Lat.° | Long.° km/
mm. Hg. - g Direction
(mb.) N. E. hour
. (knots)
Sept. 21, 06h 17 150 w 7(4)
Sept. 22, 06h__ e 17 148 W-NW 7®
Sept. 23, 06h._. 18 147 NNW 9 (5)
Bept. 24, 06h_. 20 146 NNW 19 (10;
Sept. 25, 06h.___ 25 144 | NNW-N | 46 (25
Sept, 26, 06h 36 143 | NNE-NE | 73 (39)
Sept. 27, 06h 50 155 N 85 (46)
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Fi1gurE 1.—Composite charts of the typhoon, September 26, 1935. Intersection of cross-lines represents the center of pressure symmetry.
(a) Chart of wind speeds and directions in the

The heavy arrow through the center indieates the direction of movement of the typhoon.
typhoon. Small arrows represent the wind directions: isovels (lines of constant wind speeds) are drawn for each 5 m. sec.-! Dots are
(c) Horizontal divergence field computed

positions of naval units at hourly intervals JMT). (b) Streamline patterns over the same area.
from the wind field for the storm. Small circles indicate positions where computations were made. To obtain horizontal divergence,
(d) Vortieity field computed from the wind field for

multiply the indicated values by m. sec.~1X (50 nautical miles)~! or 1.1X10-% sec.?
To obtain vorticity, multiply the indicated values by

the storm. Small circles indicate positions where computations were made.
m. sec.~1X (50 nautical miles)-1 or 1.1X10-% sec.?
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As it advanced north-northeastward, the typhoon
center crossed over the RED 4th Imperial Japanese Fleet
shortly after noon of September 26. Figures 2 (inset) and
6 show the path of the typhoon through the maneuvericg
area. Figure 1a shows the movement of the various naval
units relative to the center of the typhoon. The general
path of the main squadron, the torpedo-boat flotilla, the
submarine flotilla, the transport ship Tsurumsi, and the
destroyer Hanekaze relative to the storm shows that a
fairly dense net was available to obtain successfully a good
number of observations from the storm area. Occurrence
of the storm and its movement across the main squadron
provided what may be the best coverage on record of
surface winds, wind waves, and swell within 200 nautical
miles of a typhoon center. Simultaneous observations of
wave height during the course of the storm furnished an
unequalled set of data for relations between the meteoro-
logical and oceanographical elements over the ocean during
a period of strong winds.

The observation of the second typhoon was especially
noteworthy for the following three interesting features.
(1) The storm kept to the open sea in a mature stage.
(2) The storm center crossed over a main squadron of the
Imperial Japanese Fleet ! which was then conducting
grand maneuvers. (3) The net of meteorological obser-
vations was fortunately fairly dense. These observations
have made it possible to construct a more complete picture
of the structure of a typhoon in its mature stage than has
been possible before.

METEOROLOGICAL OBSERVATIONS

When the center reached the main squadron at 1420 to
1435 JMT, the minimum pressure was recorded as follows:
Date and hour (135th)

Warship Minimum pressure meridian civil time
Hoguro. .- ___.___ 719. 3 mmHg (959 mb)._..__._ Sept. 26, 1418
Hésh6. _ .. .______ 722.0 (963) . ... 1420
Ryuzyo_ . .. ___ 718. 2 (958) .- _ 1420
Ashigara. ... 721.8 ? (962) oo 1425
Mybké.._ o ._ 720.5 ? 961) . ______._ about 1425
Nachi.._ .. _._____ 720. 5 961) . ___.___ 1430
Mogami____._____ 719. 6 (959) _____.___ 1435
Mikuma__.______. 719. 6 (959) - . ___ 1435

The barometric readings from the mercury barometer
(marine type) on the Warship Nachi were taken for every
five consecutive minutes, and are considered to be most
relisble. The observations of wind speeds and directions
by means of cup anemometers were available for each
group of the units indicated in figure 1a. The mean
(over 20-minute periods) wind speeds calculated from these
data are tabulated in table 2.

It must be kept in mind, however, that the progressive
movement of the storm was very large (more than 70 km
hr.”?) and the latitude was rather high (about 40° N.).
Therefore the storm was not circular or symmetrical with

t The bows of two destroyers, Huafsuyuki and Ydgiri, were broken off as a result of ex-
cessive storm waves, and many officers and sailors were lost. Arakaws, one of the authors,
was then a forecaster of the Central Meteorological Observatory, Tokyo, and was vitally
eoncerned with this typhoon.
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respect to its center of pressure. The *“‘eye” was 8 to 9
nautical miles in radius. The field of winds suggests the
formation of fronts in the vortex as it moved into the
middle latitudes. The streamline patterns shown in
figure 1b exhibit a pronounced similarity to Shaw’s repre-
sentation of the air currents in a cyclone [4]. The hori-
zontal divergence field and the relative vorticity field for
the storm computed from the wind field are shown in
figures 1lc and 1d. The values for the horizontal diver-
gence and the vorticity are in meters per second per 50
nautical miles, or 1.1X10% sec.”* The singularity in
the eye of the storm has been disregarded in figure 1c¢ in
order t0 avoid complications. It might be pointed out
that the vorticity corresponding to the Coriolis parameter
at the latitude in question (about 40° N.) has an approxi-
mate value of 0.93X107* sec.™

From table 2, we can see that the wind speeds were
much greater in the right half than in the left half of the
typhoon.
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F10URE 2.—Pressure pattern over the sea to the east of Japan at 1200 JMT, September
26, 1935. Isobars are drawn for each 2 mm. of Hg. (about 2.7 mb.). Shading indicates
composite distribution of rains, torrential rains, and poor visibilities (< 1km.) relative
to the center of the typhoon. The inset (upper right) shows the path of the typhoon
center during the critical period from 1100 to 1800 YMT, September 26, and the tra-
jectory traversed by the main squadron :from 2000 JMT, September 25 to 1800 JMT,
September 26,
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TABLE 2.—The mean (over 20 minute periods) wind speeds (mjsec.) for each group in the fleet, Sept. 26, 1935
Submarine flotilla Hanekaze Main squadron Tsurumi Torpedo-boat flotilla
Name of warships, ete....| Mean values from this flo- | Henekeze ... ... __..__ Ashigare Kitakami Tsurumi .. oo Mean values from this flo-
tilla. Sendai iso tilla.
Taigei Ooi
Myéks Tenryu
Nachi Ryuzyo
Haguro Hosho
Mogami Kamui
Mikuma
13.5 12 11.6
12.8 13 M1
12.5 17 16.2
[} 13.7 18 17.9
6 16.4 22 19.1
6 21.1 27 23.7
9 25.3 30 27.3
10 29.8 41 32.3
8 32.5 42 35.0
____________________________________________________________ 134.5 RO PSSO
T 25 3L.6 40 36.0
10 30 3L.5 38 35.1
5 20 26.3 40 32.3
2 19 23.5 33 29.8
The center passed about 100 | The center passed about 75 { The center moved through the | The center passed about 70 | The center passed more than
nautical miles east of this nautical miles east of this main squadron at about 1420 nautical miles west of this 100 nautical miles west of
flotilla. destroyer. J The radius of the destroyer. this flotilla.
calm area with partial clear-
In the left half of the typhoon ing rwa]s approximately 8 In the right half of the typhoon
nautical miles.

1 Maximum mean,

The precipitation during the passage of the typhoon is
given in figure 2 in relation to the movement of the
typhoon center. This figure is a reproduction of a chart
prepared by the Hydrographic Department [1]. Very
little precipitation occurred in the rear half of the storm,
and the greatest precipitation intensity was 0 to 180
nautical miles from the typhoon center in the direction
towards which the center was advancing at the time.
This is consistent with the result given by Cline [5]. At
the center, the clouds became broken and faint sunlight
succeeded the torrential rain. The visibilities (given in
table 3) were quite poor and the horizon was limited at a
distance of a few meters on account of the rain and spray
in the typhoon area except in the left rear quadrant.

SEA AND SWELL OBSERVATIONS

The problem of forecasting sea and swell is one of current
interest. The state of the sea and the length and height
of the swell in the open sea under stormy conditions are
well-known from various authorities. This section deals
with the generation of wind waves defined as waves which
are growing in height under the influence of wind, ard of
swell consisting of wind-generated waves which have
advanced into regions having local winds whose direction
is different from that of the wave motion.

There is little regularity in the appearance of the sea
surface, particularly when a stormy wind blows. Although
individual waves can be recognized and their wave heights,
periods, wavelengths, and wave velocities measured, such
measurements are extremely difficult and comparatively
inaccurate under the condition of hurricane winds.

When waves of different wave fronts are present simul-
taneously, the appearance of the free surface becomes very
complicated. At some points the waves are opposite in
phase and therefore tend to eliminate each other, whereas
at other points they coincide in phase and reinforce each
other. If interferenceoccurs, waves may attain the critical
steepness 1/7 and break [6, 7].

The strong easterly winds in the right front quadrant of
the typhoon showed considerable uniformity and as a
consequence of their continued blowing from the east, the
corresponding wind waves were relatively large. For an
observer standing initially in the right front quadrant of
the typhoon, the wind direction would shift suddenly
from southeast to south or southwest as the typhoon
center moved northward. Thus in the right rear quad-
rant new waves were formed, receiving energy from the
south or southwest winds. Over the ocean in the right
rear quadrant, the seas were then unusually pyramidal,
mountainous, and confused. These pyramidal storm
waves resulted in considerable damage to the Imperial
Japanese 4th Fleet on September 26, 1935.

The wind waves as related to the movement of the
typhoon, during the passage of the storm over the main
squadron, the torpedo-boat flotilla, the submarine flo-
tilla, the transport ship Tsurum: and the destroyer
Hanekaze are given in figure 3 (a reproduction of a chart
prepared by the Hydrographic Department). The state
of the sea reported according to the sea scale (see below)
is also tabulated in table 4. Tt is clear that the wave
heights were the greatest in the right rear quadant of the

TABLE 3.—Visible ranges in the typhoon area, Sept. 26, 1935

Hanekaze Main Tsurumi ; Torpedo-
Time (135th meridian civil time) (in visibil- | squadron | (in visibil- {beat flotilla
ity scale) (in km.) ity scale) (in km.)
6 3.3 2 6.5
6 2.0 2 8.2
7 1.9 2 7.8
10 1.8 2 7.0
3 1.5 1 4.0
3 1.0 1 2.7
3 .9 0 1.7
2 .6 0 1.1
2 .5 [ .9
2 .9 0 1.1
6 .8 0 1.1
6 .8 [} 1.2
5 1.8 0 1.2
—_— ——e -
In theleft In the right half of the
halt of typhoon.
the ty-
phoon.
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TaBLE 4.—State of the sea (according to the sea scale) in the typhoon
area, Sept. 26, 1935

In the
Time (135th meridian ctvil time) Main ?ght oor
ime (135th meridian eivil time) torpedo-
squadron boat
flotilla)
4.3 4.7
4.3 4.8
5.1 5.6
5.8 6.4
6.7 7.0
7.2 79
7.7 8.2
8.3 8.5
8.5 8.4
8.8 8.4
8.3 8.2
8.2 8.0

typhoon. The heights of wind waves as shown in figure
3 may be alittle large in view of the values given in table 4.
However it is possible that this chart represents ex-
treme values whereas those in table 4 are average heights.
The wind forces corresponding to the code figures of the
sea scale are indicated below:

Wind force
equivalent Wave height
Sea scale (in Beaufort equivalent
code figures General description number) (in meters)
0 Deadealm_.___.______________ 0 0
1 Verysmooth__________________ 1 <0.3
2 Smoothsea. __________________ 2-3 0.3-0.6
3 Slightsea. ... ... __.._. 4 0.6-10
4 Moderateses . _ ... __._ 5 1L0-15
5 Ratherroughsea.___ . ____.._.__. 6 1.5-25
6 Roughsea_._______________.__ 7 2540
7 Highsea_ . _ . . _.___ 89 40-7.0
8 Veryhighsea_ . ___.____.____.__ 10 7.0-13.0
9 Phenomenal or precipitous sea_ . 11-12 >13.0

The state of the sea is shown more clearly in table 5
which gives measured height, length, velocity, and period
for the highest waves. Classical theory on surface waves
indicates that velocity ¢, wave length L, and period T
for deep-water waves which do not involve a bodily
transfer of water, are interrelated by the formulas [6, 7]

e=vgL2r=gT[2x,L=2nc*/g=gT?2w,T=+2xL]g=2xc/g.
With ¢ in m. sec. 7!, L in meters, and 7 in seconds:
¢=1.25yL=1.56T,L=0.641c2=1.5677T=0.8014/L=0.641c.

Thus, if one characteristic quantity is measured the other
two can be computed, and if two or three are measured the
correctness of the theory as applied to ocean waves can be
checked.

Table 6 shows that comparisons of measured and com-
puted values for the Mikuma gave rather unsatisfactory
results. This may indicate that the state of the sea as
observed by the main squadron was, to some extent, un-
certain. Comparisons of measured and computed values
for the wavelength and the wave period from the cruiser
Nachi on the other hand gave fairly satisfactory results.

After Sverdrup and others [6, 7], the steepness defined
by the ratio of the wave height, Z, and the wavelength,

MONTHLY WEATHER REVIEW

35

N

o
by

(SO e - =P

~

QO Phenomenal

18h6
Tsurumi

wrewesgeenm c@roe e wa.)

16hé  Honekaze o/8h
Submarine 95”"'2‘,,
Flotilla u
0 50 100

Nauticol Miles

F16URE 3.—Composite chart showing the state of the sea in the typhoon of September 26,
1935. Intersection of the cross lines represents the center of the typhoon. The arrow
through the center indicates the direction of movement of the typhoon. Dots indicate
positions of naval units at hourly intervals (JMT). Lines of constant wave heights
are drawn for each unit of the sea scale (see scale table in text).

L, has the critical value 1/7. Observations from the main
squadron confirm that the ratio H/L always remained less
than 1/7 except for the uncertain report from the transport
ship Susaks.

As is well known, the heights of large waves under
stormy conditions are generally overestimated and wave
heights above 20 meters are extremely rare. Observations

TasLe 5.—The state of the sea observed by the main squadron in the
typhoon area, Sept. 26, 1935

Highest waves
gﬁ% Steepness
Name of | ridian H|L
ship © Wave . (com-
civil Height H Wave length L velocity ¢ Period T puted)
time) (meters) (meters) Y €] (second)
(m/sec)
1215
1250
1400
1420 -
1418 15 About 350
1445 10 200
Amagiri. .. 1458 25 1171 O I, 1/12
Asakaze. ... 1500 >15 200~300 |- famneaaae 1/13~1/20
(estimated) .
Nachi..__... 1500 13~14 120 9 9 1/9
Tsurumi... 1500 >10 About 200 [.eenoo e 1/20
Neka....... 1522 D T S PSR OIOR N [SPUUPSU RN IOUUPRIUPUN PR O
(pyramidal)
Susaki_..... 1540 20~30 X5/ I (R eemaa|  1/8~1/8
Nachi..._... 1550 13~14 About 120 | About 8 | About 9 9
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from the main squadron confirm that the wave height, H,
generally remained less than 20 meters except for the un-
certain report from the transport ship Susaki.

Swell in relation to the position and direction of move-
ment of the center during the passage of this typhoon is

TABLE 6.—O0bserved and computed values of velocities, lengths, and
periods of wind waves in the typhoon area, Sept. 26, 1936

Wavrg.vseelg-ti!lty & Wave length L, m. ‘Wave period T, sec.
Computed Computed Computed
Name of from— from— from—
ship
o L] ]
o -3 - - ] 3
e 15k & PR IS I e 3
a ] B8 8 3 8 2 &8 3
(=] - - o =} - (=] I3 =
Mikuma 14.3 | 16.8 | 20.3 180 | 131 264 13.0 | 10.7 9.2
(1250 IMT).
Mikumaea 14.3 | 17.7 | 20.7 200 | 131 276 13.3 | 11.3 9.2
(1445 TMT).
Ng%’&i’r) (1500 9)13.7]14.0 120 521 126 9! 8.8 58
Nachi '(1550 About8 | 13.7 | 14.0 | About 120 41 | 126 | About9| 88 5.1
JMT).
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F16URE 4.—Composite chart showing swell in the typhoon of September 26, 1935. Inter-
section of cross lines represents the center of the typhoon. The heavy arrow through

the center indicates the direction of movement of the typhoon. Dotsindicate positions
Small arrows show the directions of swell.

of naval units at hourly intervals (JMT).
Lines of constant swell character are drawn for each unit of the swell scale.
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charted in figure 4, which is also a reproduction of a chart
prepared by the Hydrographic Department. The swell
of greatest intensity also occurred in the right rear quad-
rant.

The state of the pyramidal sea in the right rear quad-
rant (1520 JMT) was photographed by Lieut. G. Matsuura
looking to the windward on board the Cruiser Nachi.
Because the quality of the photograph is too poor for
reproduction, the behavior is illustrated schematically in
figure 5. Tannehill [8] showed the deviation of wind to
the left of the swell in the Northern Hemisphere; that is,
the observer standing with his back to the wind would find
the swell moving off to the right. Figure 5 shows clearly
the opposite case; that is, the observer standing with his
face to the southwest strong wind found the swell moving
off to his right within this limited area; i. e., in the right
rear quadrant.

The rolling and pitching of ships are of course a function
of the winds, the state of the sea, and the characteristics
of ships. They can hardly be analyzed therefore in a
simple manner. The maximum amplitudes of the rolling,
in degrees, are tabulated in table 7 for reference. These
angles are the total angle of roll from port to starboard.

Figure 6 portrays the path of the typhoon center during
the critical period of 1100 to 1700 JMT of September 26,
and the trajectory traversed by the main squadron during
the period of 2000 JMT of the 25th to 1800 JMT of the
26th. The thin full lines are lines of constant sea depth

. c‘\o“
D“'eoi
\
Ar SW el

N

FI6URE 5.—Schematic illustration of the behavior of the sea in the right rear quadrant
(1520 TM.T) of the typboon of September 26, 1935. Based on photographs by Lieut. G.
Matsuura, looking to the windward on board the cruiser Nachi. The direction of
movement of the cruiser was 15 on the 36-point direction scale. & indicates the wave
front of swells from the southeast; b, the wave front of wind waves under the influerice
of wind of speed 27 m. sec.~! and direction 21; ¢, pyramidal waves. Note the deviation
of the wind to the right of the swell, a marked exception to Tannehill’s rule [&].
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TaBLE 7.—Grealest amplitude of the rolling of the ships from port to starboard in degrees, Sept. 26, 1935

In the right half of the typhoon
. ot o tc| “weytie” | Mogami | ot
me alf of the ¥ ogam 0 . : )
(185th meridian clvil time) | typhoon IZ{VucM Mikuma SK{a\'oi Rytzy6 | FHoeyd | Tenryd | Taiget | Kamui - i K lEx;:r(z;. clTsugz c}gggee_
SUrUTR Clas! e~ ass ae-
Hanekaze| 09470 enda Naka | “stroyer | stroyer | stroyer
6 8 8 9 15 1 25 7 57 14 16 16 16 18
6 8 8 10 13 1 30 7 32 13 14 18 17 18
6 8 9 1 18 10 28 6.5 32 i5 12 20 19 23
8 8 9 12 20 1 2% 7 2 16 14 2 17 2
12 8 10 14 20 10 33 25 27 16 23 2 22 27
10 10 11 13 20 10 2 35 23 18 29 27 20 35
2 9 15 13 13 2 20 45 31 20 21 34 39 53
27 15 18 18 13 15 15 60 24 32 44 53 56 53
30 22 24 28 21 a1 65 75 48 24 60 54 64 58
38 23 24 25 18 4 681 100 58 30 47 67 75 67
44 2 2 30 19 27 37 73 53 34 42 68 60 60
50 2 2 31 18 2 32 55 43 34 52 69 68 70
49 19 2 2% 28 15 30 55 45 30 60 65 64 62
drawn for each 1,000 meters. They indicate that wind, 142°E. s
o e 3 T L7,
waves, and swell do have the characteristics of the surface
waves. /\.ﬁf/
. . . . - /
In table 8 are listed certain ships which have been HOKKA1I1DO
frequently mentioned in this paper. ‘2
TaBLe 8.—List of ships quoted in the present paper (from Kaigun- >3]
Yéran, 1935)
160 3
Tonnage / a4
Name Type of ships (displace- 42 \f 42
ment) K 5
p 6
1,700 20n
1270 q
, 000
%008
‘ 6
700
7,470 gh
1,070
7, 000
5,170
5,100
5100 (
8, 500
8, 500
10, 000
10, 000
5,195
7100
5,195 2
Transport ship 8, 800 40 40
Submsarine depot-saip... 10,000 §
@ 230 o
.| Transport ship 14, 050
Destroyer (1) 1,700 = .
1, 700 (o4 2h
1,315
1,270 T 4
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